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ABSTRACT 14 
Water is an essential resource for food production, as agriculture consumes close to 70% of the 15 
total freshwater, and its shortage is becoming critical in arid and semiarid areas of the world. 16 
Therefore, it is important to use water more efficiently. The objectives of this project are to 17 
determine the productive response and the irrigation water use efficiency of seedless watermelon to 18 
three irrigation management strategies over two growing seasons. This was done by applying 100, 19 
75 and 50% of the irrigation water requirements (IWR) the first year, in the second year added six 20 
additional treatments, of which three treatments were regulated deficit irrigation with 75% IWR 21 
during the vegetative growth, fruit development and fruit ripening stages, and the other three 22 
treatments were with 50% IWR during the same stages. The exposure of watermelon plants to 23 
severe deficit irrigation resulted in a reduction in dry biomass, total and marketable yield, average 24 
fruit weight, fruit number and harvest index, and without improvement of marketable fruit quality. 25 
The fruit ripening was the less sensitive stage to water deficits. Relative water content and cell 26 
membrane stability index decreased as the water deficit increased. Irrigation water use efficiency 27 
decreased to a lesser extend during the fruit ripening stage than when water restriction were 28 
applied during different growth stages. If water is readily available, irrigating with 100% of water 29 
requirements is recommended, but in the case of water scarcity, applying water shortage during  30 
fruit ripening stage would be advisable.  31 
 32 
Keywords: Evapotranspiration; irrigation water use efficiency; water status; deficit irrigation; 33 
soluble solids; fruit size.  34 
1. Introduction 35 
Watermelon [Citrullus lanatus (Thun.) Matsum. and Nakai] is an important crop around the 36 
world, with a production approximately 117 million Mg from 3.5 million ha (FAO, 2017). 37 
Currently, the leading watermelon-producing countries are China, Turkey and Iran. Spain is the 38 
main producer of watermelon for the European community, with 969,327 Mg from 17,360 ha 39 
(FAO, 2017).  40 
Irrigation water is an essential element for crop production (Howell, 2001; Steduto et al., 2012). 41 
Agriculture uses approximately 70% of freshwater; in Spain, agriculture utilizes approximately 42 
68% of total water use (FAO, 2016). During recent years, freshwater shortage is becoming 43 
critical in arid and semiarid areas of the world with increasing competition for water across 44 
agricultural, industrial and urban consumers (Chai et al., 2016). Rapid population growth, other 45 
human activities and the greater incidence of drought, particularly in the Mediterranean area, are 46 
increasing the demand for fresh water (Fereres, 2008). This water scarcity and the incremental 47 
increase in irrigation costs have led to heightened interest in improving the productivity of water 48 
use in crop production (Bessembinder et al., 2005; Fereres and Soriano 2007; Steduto et al., 49 
2012; Reddy, 2016). 50 
Irrigation water-use efficiency (IWUE) is a common indicator employed to assess the efficiency 51 
of the use of irrigation water in crop production (Bos, 1980; Tolk and Howell, 2003; Pascual-52 
Seva et al., 2016). At present, there are challenges in maximizing IWUE and increasing crop 53 
productivity per unit of water applied. Within this context, the use of deficit irrigation (DI) 54 
strategy is a technique of applying irrigation less than the optimum crop water requirements with 55 
a result to improve water use efficiency (Pereira et al., 2002; Costa et al., 2007; Capra et al., 56 
2008; Evans and Sadler, 2008; Chai et al., 2016).  The real challenge is to establish DI on the 57 
basis of maintaining or even increasing crop productivity while saving irrigation water and, 58 
therefore, increasing the IWUE (Chai et al., 2016). For this reason, DI requires precise 59 
knowledge of the crop yield response to water applied (Fereres and Soriano, 2007). Currently, DI 60 
is a common practice throughout the world, especially in dry regions, where it is more important 61 
to maximize crop water productivity rather than the harvest per unit land (Ruiz-Sánchez et al., 62 
2010). Regulated deficit irrigation (RDI) is the treatment of water stress during certain crop 63 
developmental periods (Fereres and Soriano, 2007). 64 
Water content and water potential have been used as indicators of leaf water status. The use of 65 
water content has been replaced by the relative water content (RWC) which are measurements 66 
based on the maximum amount of water a tissue can hold (Yamasaki and Dillenburg, 1999). 67 
RWC reflects the metabolic activity in tissues, and it is used as a meaningful index for 68 
dehydration tolerance (Anjum et al., 2011; Kalariya et al., 2015). RWC correlates closely with a 69 
plant’s physiological activities,  soil water status (Tanentzap et al., 2015) and is a parameter used 70 
for screening the drought tolerance of different genotypes (Tanentzap et al., 2015). On the other 71 
hand, the cell membrane stability index (MSI) is also widely used as an indicator of leaf 72 
desiccation tolerance (Chai et al, 2010), which detects the degree of cell membrane injury 73 
induced by water stress (Bajji et al., 2002). 74 
Watermelon grows in the summer, when evapotranspiration (ET) demands are high and rainfall 75 
is scarce, particularly in a Mediterranean-type climate, where irrigation is needed for any 76 
significant summer cropping (Turner, 2004). Watermelon is considered to be very sensitive to 77 
water stress with larger yield reductions when water use is reduced (Steduto et al., 2012). The 78 
timing and extent of water deficit irrigation are important for efficient water use and 79 
maximizing yield (Erdem and Nedim Yuksel, 2003; Yang et al., 2017). Currently, there is little 80 
available data of DI for seedless watermelon, especially for developed hybrids.  81 
Therefore, it is important to identify the best practices for the water management of watermelon 82 
using DI techniques. The objective of this study is to evaluate response of watermelon growth, 83 
fruit yield, fruit quality, IWUE, and plant water status under DI in open field conditions. 84 
 85 
2. Materials and methods 86 
2.1. Experimental site 87 
Field experiments were carried out in two plots at the Cajamar Experimental Center in Paiporta, 88 
Valencia, Spain (39.4175 N, 0.4184 W), during the 2016 and 2017 growing seasons. The soils 89 
are deep, with a coarse texture (Table 1), and are classified as Anthropic Torrifluvents according 90 
to the USDA Soil Taxonomy (Soil Survey Staff 2010). Although the soil of the two plots was 91 
apparently similar, soil analyses indicated that the soil in 2017 was sandier than in 2016. In 92 
addition, while the soil texture in 2017 was uniform throughout the profile (loam), the soil in 93 
2016 presented a higher percentage of clay (clay loam) at 0.30 m compared to that at a 0.15 m 94 
depth. The analyses indicate that the soils have a slightly alkaline pH (on average 7.4), are fertile 95 
(1.89% organic matter content; EC 0.39 dS m-1), and present high available phosphorous (43 mg 96 
kg-1; Olsen) and potassium (340 mg kg-1; ammonium acetate extract) concentrations. Irrigation 97 
water was pumped from a well, with EC 2.53 dS m-1 and 77 mg kg-1 N-NO3- content.  98 
According to Papadakis’s agro-climatic classification (Verheye, 2009), the climate is subtropical 99 
Mediterranean (Su, Me) with hot dry summers and an average annual rainfall of approximately 100 
450 mm, irregularly distributed throughout the year, with approximately 40% falling in autumn. 101 
Figure 1 shows the most significant climatological data of the growing seasons expressed as 102 
average monthly values: temperature (ºC), precipitation (mm), and reference evapotranspiration 103 
(ETo; mm) obtained from a Class A evaporation pan adjacent the experimental plots. 104 
2.2. Plant material and management 105 
Plants of the triploid watermelon cv. Stellar F1 (Nunhems®) grafted on the hybrid ‘Shintoza’ 106 
(Cucurbita maxima x Cucurbita moschata) were transplanted when plants had reached the two-leaf 107 
stage in an open field at a spacing of 1.0 m by 3.0 m apart in plastic mulched rows, following 108 
traditional practices used in the area, on 19 May 2016 and 15 May 2017. Shortly afterwards, plants 109 
were de-topped to force the growth of four tertiary vines per plant, as described by López-Galarza 110 
et al. (2004). The row length was 10.0 m, and the width of the raised bed covered by the plastic 111 
mulch was approximately 0.60 m. 112 
The cv. Premium, also grafted on the hybrid ‘Shintoza’, was used as a pollinator with a proportion 113 
of 33% to ensure a sufficient pollen amount for the pollination of the triploid cv. The 114 
incorporation of nutrients (250-100-250 kg ha-1 N-P2O5-K2O) was performed by fertigation, 115 
following the recommendation described by Pomares et al. (2007). Fruit harvest  started on 25 116 
July 2016 and lasted until 1 August 2016 and again on 20 July 2017 until 3 August 2017, with 117 
three recollections each year.  118 
2.3. Water requirements and irrigation treatments 119 
From transplanting until establishment (considered as the initial period), the plants of all strategies 120 
were irrigated without restrictions. Different irrigation strategies were initiated following this 121 
establishment time period. The growth stages are described as follows: (1) initial, from 122 
transplanting until establishment; (2) crop development, from establishment until first fruit setting; 123 
(3) fruit growth, from first fruit setting until full fruit size; and (4) fruit ripening, from full fruit 124 
size until harvest. These stages correspond to FAO crop growth stages for crop evapotranspiration 125 
(ETc) determination (Allen et al., 1998): (1) initial; (2) growth development; (3) mid-season 126 
stage; and (4) late-season stage. 127 
Two irrigation experiments were completed. The first experiment was conducted in 2016 and 128 
2017 that included three irrigation rates (IR) corresponding to 100% (T1), 75% (T2) and 50% (T3) 129 
of the irrigation water requirement (IWR; mm day-1) throughout the growing season. The second 130 
experiment was carried out in 2017 only,  with six additional treatments that included T4, T5 and 131 
T6 that corresponded to RDI rates with 75% nominal crop water use at crop growth stages 2, 3 132 
and 4 and T7, T8 and T9 with 50% water use at the same crop stages. The IWR was determined 133 





where ETc is the crop evapotranspiration, Ef is the irrigation efficiency including percolation 136 
and uniformity) which was considered to be 0.95 (Pomares et al., 2007) and Pe is the effective 137 
precipitation (mm), determined from rainfall data using the method of the U.S. Bureau of 138 
Reclamation (Stamm, 1967), as presented by Montoro et al. (2011) and Pascual-Seva et al. 139 
(2016). The ETc (mm) was calculated from the ETo and a single crop coefficient (Kc) proposed 140 
for local conditions by the Instituto Valenciano de Investigaciones Agrarias (IVIA, 2011), 141 
adapting the duration of each stage to the growing cycle (Table 3). 142 
ETc = ETo × Kc 143 
where ETo is the reference evapotranspiration and Kc is the crop coefficient. The ETo was 144 
determined according to  Allen et al., (1998) as follows: 145 
ETo = Epan × Kpan 146 
where Epan (mm day-1) is the evaporation from the Class A pan installed in the Experimental 147 
Center and Kp (0.815) is the pan coefficient, determined according to Allen et al. (1998).   148 
The water was supplied by a drip irrigation system with one line, on the soil surface, per bed 149 
with emitters spaced 0.30 m apart and a discharge of 2.2 L h-1. The amount of water applied for 150 
each irrigation event was recorded using totalizing water flow meters connected to the irrigation 151 
system. The irrigation events of T1 began when the volumetric soil water content (VSWC) 152 
descended to the value of 80% of field capacity, and the other strategies were irrigated at the same 153 
time, with the corresponding reductions in irrigation water applied (Iapplied). 154 
2.4. Volumetric soil water content  155 
The VSWC (m3 m−3) was continuously monitored using ECH2O EC-5 capacitance sensors 156 
connected to an Em50 data logger using the ECH2O Utility software (Decagon Devices Inc., 157 
Pullman WA., USA). The sensors were installed one day before transplanting and placed 158 
horizontally in the middle of the beds below  the irrigation tubing and equidistant between the 159 
two emitters, at a 0.15 m depth for all treatments. Additionally, two sensors were installed at a 160 
0.30 m depth for the two extreme strategies, T1 and T3, following the methodology described by 161 
González et al. (2009). The VSWC was measured and stored at 15 min intervals. The factory 162 
sensor calibration was used directly in the experiments to determine the VSWC. However, in 163 
order to compare different irrigation strategies and depths, it was decided to present the VSWC 164 
evolution throughout the growing season, as the ratio of the VSWC at each moment compared 165 
with VSWC at field capacity (% FC). 166 
2.5. Experimental design and measurements  167 
Each irrigation strategy was replicated three times in a random block design with each 168 
replication consisting of a bed (30 m2). The external plots were surrounded by similar plots to 169 
eliminate border effects.  170 
Three representative plants were sampled from each elemental plot at the end of the growth 171 
cycle. Aboveground plants were divided into two parts and analyzed separately: vegetative, 172 
including shoots with all their leaves (hereinafter referred to as shoots), and reproductive, 173 
including fruits. Each sampled plant part (shoots and fruits) was weighted with a precision 174 
analytical balance (Mettler Toledo AG204), dried at 65°C in a forced-air oven (Selecta 297; 175 
Barcelona, Spain) until reaching a constant weight to obtain dry weights and dry matter content.  176 
The chlorophyll index (SPAD) allows the indirect and non-destructive evaluation of the content 177 
of leaf chlorophyll by light intensity absorbed by the tissue sample. The SPAD was measured at 178 
the end of the growth cycle at three points in each of three fully developed leaves in each plant 179 
using a SPAD-502 m (Konica Minolta Sensing Inc., Tokyo, Japan).  180 
Total cumulative fruit yield was separated into marketable and non-marketable yield. Marketable 181 
yield was classified in accordance with the standard classification, based on the weight usually 182 
used in Spain for this watermelon type, that considers fruits less than 4 kg as small (non-183 
marketable) and those greater than 7 kg as large fruits (marketable). The average fruit weight and 184 
number of fruits were determined. The harvest index (HI) was determined as the ratio of 185 
marketable yield to total aboveground biomass, both on a dry mass basis (g g-1; Turner, 2004). 186 
Three representative fruits per plot were selected to determine the size (height and width) and 187 
shape (relation of height/width) of the fruits. Thereafter, fruits were cut to determine rind 188 
thickness, and soluble solid content (SSC; º Brix) was assessed with juice obtained from the 189 
central part of the fruit using a digital refractometer (Atago®, Pal-1, 0-53%, Japan). Fruit color 190 
coordinates (L*, a* and b*) were taken at the central part of the fruits using a Minolta CR-300 191 
chroma meter (Konica Minolta Sensing Inc., Tokyo, Japan). L* represents the luminosity, with 192 
values ranging from 0 to 100. With a* and b* values, the Hue angle (Hº) and Chroma (C) were 193 
calculated as Hº = Arctang (b/a) (McGuire, 1992) and C = √ (a2+b2) (Pathare et al., 2013), 194 
respectively.   195 
2.6. Irrigation water use efficiency and yield response factor  196 
The IWUE was calculated as the ratio of marketable yield (fresh mass; kg m-2) to Iapp lied (m3 m-197 
2; Cabello et al., 2009).  198 
The yield response to water deficits during the growing season and each growth stage was 199 








where Ya and Ym are the actual and maximum marketable yield (kg m-2), respectively; ETa and 202 
ETm are the actual and maximum ET (mm), respectively; and ky is the yield response factor. 203 
ETa and ETm were calculated using the soil water balance: ET = Iapplied + Pe, considering 204 
negligible both the drainage and the variation in the volumetric soil water content. Values of Ky 205 
greater than 1 indicate that the crop response is very sensitive to water deficit, while values of 206 
Ky lower than 1 mean that the crop is more tolerant to water deficit. When Ky is equal to 1, 207 
yield reduction is directly proportional to reduced water use (Doorenbos and Kassam, 1979; 208 
Steduto et al., 2012).  209 
2.7. Relative water content and membrane stability index  210 
The relative water content (RWC; %) was determined in fresh leaf discs of 2 cm2 diameter. The 211 
discs were weighed (fresh mass; FM), and immediately floated on double-distilled water in Petri 212 
dishes to saturate them with water for 6 h in darkness. The adhering water of the discs was 213 
blotted, and turgor mass (TM) was recorded. The dry mass of the discs was noted after 214 
dehydrating them at 70°C for 48 h. RWC was calculated using the following formula (Hayat et 215 




× 100 217 
The membrane stability index (MSI; %) was determined for 0.2 g samples of fully expanded leaf 218 
tissue (Rady, 2011). The leaf sample was placed in a test-tube containing 10 ml of double-219 
distilled water. The content of the test-tube was heated at 40°C in a water bath for 30 min, and 220 
the electrical conductivity (C1) of the solution was recorded using a multi-parameter analyzer 221 
Consort C830 (Consort B2300; Turnhout, Belgium). A second sample was boiled at 100°C for 10 222 
min, and the conductivity was measured (C2). The MSI was calculated using the following 223 
formula (Rady, 2011):  224 
MSI (%) = [1- (C1/C2)] ×100 225 
Both RWC and MSI were determined by duplicate in each field replication, at the end of each 226 
growth stage.  227 
2.8. Statistical analysis 228 
The results of the two experiments were analyzed separately. In the first experiment, T1, T2 and 229 
T3 were compared for both years, while in the second experiment, all IR in 2017 were compared. 230 
The results were analyzed using an analysis of variance (ANOVA) using Statgraphics centurion 231 
XVII (Statistical Graphics Corporation, 2014). Least significant difference (LSD) at a 0.05-232 
probability level was used as the mean separation test. 233 
 234 
3. Results  235 
3.1. Sustained deficit irrigation 236 
The duration of each growth stage, initial, vegetative development, mid-season and late season, 237 
was 11, 28, 20 and 15 days in 2016 and 12, 30, 20 and 17 days in 2017, respectively. The total 238 
growth cycle period was 74 days in 2016 and 79 days in 2017. These values, as well as the 239 
corresponding Kc values, are presented in Table 3. 240 
The total pan evaporation and consequently ETo during the growing season were lower in 2016 241 
(532 and 433 mm, respectively) than in 2017 (578 and 471 mm, respectively). Values of the 242 
monthly precipitation during the two growing seasons were lower than twice the average 243 
monthly temperature (ºC; data no shown), thus the months included in the experiment are 244 
considered dry according to the xerothermic index of Gaussen (Gaussen and Bagnouls, 1952). 245 
 During the 2016 growing season T1 received 293 mm while T2 and T3 received 77 and 53%, 246 
respectively, of T1. In 2017, T1 received 321 mm while T2 and T3 received 78 and 55%, 247 
respectively. These irrigation data indicate that the treatment values of 75 and 50% irrigation 248 
rates were accomplished (Table 4). These values include 15 mm in 2016 and 20 mm in 2017 as an 249 
initial irrigation across all treatments to ensure good plant establishment.  250 
Figure 2 shows the VSWC for T1, T2 and T3 in 2016 and 2017, as well as the Pe. Rain was 251 
scarce during the two years, particularly in 2016. Generally, VSWC in the three treatments was 252 
relatively higher in 2016 (on average 87.5% FC) than in 2017 (on average 84.7% FC), probably 253 
because the soil profile was sandier in 2017 (the sand content was practically two times that in 254 
2016), leading to a higher permeability and less retention of the water supplied on the surface 255 
layer. VSWC at a 0.15 m depth was higher under T1 as compared to under T2, which in turn was 256 
higher than under T3 (on average 92.5, 89.5 and 76.4 % FC, respectively). T1 had a higher VSWC 257 
at a 0.30 m depth (on average 90.9% FC) than that of T3 (on average 82.2% FC), which showed a 258 
decreasing trend in their VSWC over time.  259 
Table 5 shows the results of the total yield (in terms of kg m-2, fruit number m-2, and average fruit 260 
weight), marketable yield (indicating the percentage of large fruits), non-marketable yield 261 
(differentiating sunburned and small fruit production, which are the only types of culls that were 262 
found) and IWUE during the 2016 and 2017 seasons. Water restriction negatively affected (P ≤ 263 
0.01) yield and yield components, but none of the parameters were affected (P ≤ 0.05) by the 264 
growing season. The interaction between both factors was not significant (P ≤ 0.05) for any of the 265 
analysed parameters. T1 resulted in a higher (P ≤ 0.01) total yield, average fruit weight and total 266 
marketable yield compared to T3, with intermediate values for T2. T1 led to a greater (P ≤ 0.01) 267 
proportion of large fruits  than T2 and T3. Non-marketable yield represented 55% of the total yield 268 
for T3, while it was 11% for T1. Analyzing the different fruits considered as non-marketable, T3 269 
led to a higher (P ≤ 0.01) yield of small fruits compared to that of T2 and T1. Although the 270 
sunburned fruit weight was not significantly different among IR, it increased as Iapplied decreased. 271 
The IWUE values were high, which corresponds to high-yield crops, and they were affected by IR, 272 
with the highest value corresponding to the full irrigation treatment  and the lowest to T3. These 273 
values are related to the important marketable yield loses of T3  compared to the water saving 274 
achieved  in relation to T1 (Table 6). Marketable yield (MY) increased linearly with Iapplied, 275 
following the expression MY = 0.0293 Iapplied - 2.1171, which presented a correlation coefficient (r) 276 
of 0.87 and was significant (P ≤ 0.01). It also increased linearly with the VSWC (% FC), as shows 277 
the function MY = 0.2469 VSWC - 17.049 (r = 0.92; P ≤ 0.01).  278 
As for the yield response to water deficits, in both growing seasons, considering as maximum 279 
yield (Ym) the marketable yield obtained under T1, actual yield (Ya) corresponding to T2 and 280 
T3 strategies, and ETm and ETa corresponding to the cited yields, the fitted linear regression is 281 
as follows: 1-(Ya/Ym) = 1. 3 (1-(ETa/ETm), which presents a high correlation coefficient (r= 282 
0.99) and statistical significance (P ≤ 0.01). The yield response factor (ky) was 1.3, being 1.0 for 283 
2016 and 1.6 for 2017. 284 
The fruit size (height and width) and the rind thickness were affected (P ≤ 0.01; Table 7) by the 285 
irrigation treatment, with the lowest values corresponding to T3. The fruits produced in 2017 were 286 
wider (P ≤ 0.01) than those produced in 2016, which could be related to the greater average fruit 287 
weight obtained in 2017 than in 2016 (Table 5). The rind thickness was affected (P ≤ 0.01) by the 288 
interaction of season by IR, in the sense that the rind thickness of the fruits produced under T3 was 289 
narrower than that of the fruits under T1 and T2, only in 2016. The fruit shape (height/width ratio) 290 
was not affected (P ≤ 0.05) by any of the analyzed factors or interaction.  291 
The fruit quality parameters are presented in Table 8, in terms of fruit dry matter (%), soluble solid 292 
content (SSC; º Brix), color parameters L*, Hue angle and Chroma. Fruit dry matter was only 293 
affected by IR with the lowest content under T1, indicating higher water content with the full IR, 294 
as expected. IR also affected the SSC in the sense that the lowest value corresponded to T3. There 295 
was no difference in color characteristics of Hue and Chroma. L* was affected (P ≤ 0.01) by both 296 
growing season and IR, with the highest lightness (brightness) values corresponding to 2016 and 297 
T3.  298 
Table 9 presents the results for leaf chlorophyll content, expressed in SPAD, shoot dry matter (%), 299 
shoot and aboveground plant dry biomass and the harvest index (HI), corresponding to T1, T2 and 300 
T3 in 2016 and 2017. None of the analyzed parameters were affected (P ≤ 0.05) by the  interaction 301 
of growing season by irrigation rate. Neither leaf chlorophyll content nor shoot dry matter content 302 
were affected (P ≤ 0.05) by growing season or IR. Regarding dry biomass, both shoots and total 303 
dry weight were affected (P ≤ 0.01) by IR, with the highest values obtained under the full irrigation 304 
treatment. T3 had the lowest (P ≤ 0.05) shoot dry biomass. The HI was affected by growing 305 
season (P ≤ 0.05) and IR (P ≤ 0.01), with the lowest values obtained in 2016  and T3. 306 
The RWC and MSI results are presented in Table 10. RWC was affected (P ≤ 0.01) by both 307 
growing season and IR, obtaining the highest values in 2016  and T1, which also presented the 308 
highest MSI (P ≤ 0.01).  309 
3.2 Regulated deficit irrigation 310 
In the second experiment, there were no considerable differences in VSWC at a 0.15 m depth 311 
between the different IRs (Figure 3; on average 83.2% FC) or even during the water restriction 312 
stages, as the Iapplied in each irrigation event, in every strategy, exceeded the management allowed 313 
deficit (corresponding to 20% FC) of the shallower layer of the soil. The Iapplied values are 314 
presented in Table 4, with the lowest and the highest values corresponding to T3  and T1, 315 
respectively, with intermediate values for RDI. 316 
Sustained and regulated deficit irrigation (Table 11) negatively affected (P ≤ 0.01) the yield. The 317 
highest value of total yield was recorded (P ≤ 0.05) under T1, and the lowest value was found 318 
under T3. Water restriction at 75% IWR during the fruit ripening stage (T6) had a lesser effect on 319 
the reduction in fruit yield with respect to full irrigation than when water restriction was applied 320 
during the crop development (T4)or fruit growth stages (T5) With the restriction of 50% (T7, T8 321 
and T9) a similar trend was observed, but without statistical differences (P ≤ 0.05).  The greatest 322 
fruits number m-2 was observed under T1, not differing (P ≤ 0.05) from T6 nor T9. T3 stood out 323 
particularly for having the lowest values of commercial yield, no large fruits (0%) and the highest 324 
production of sunburned fruits  and small fruits (with no significant difference at P ≤ 0.05). 325 
Analyzing the different fruits considered as non-marketable, significant differences (P ≤ 0.01) were 326 
found in the fruits affected by sunburn; the highest value was obtained with the most restrictive IR 327 
(T3), although its importance in the non-marketable yield was low. In contrast, the small fruit yield 328 
(fruits less than 4 kg in weight), between 78% and 100% of the non-marketable yield, was not 329 
affected (P ≤ 0.05) by the IR, probably due to the high variability of this parameter, with a 330 
coefficient of variation (CV; standard deviation as a percentage of the mean value) of 52.7%. The 331 
IWUE was negatively affected (P ≤ 0.05) by the sustained and regulated DI, but neither the 332 
sustained restriction to 75% (T2) nor RDI when water restriction was applied during the fruit 333 
ripening stage (T6 and T9) led to lower values than the full irrigated treatment. The lack of 334 
statistical difference (P ≤ 0.05) among the different DI strategies may be related with the high 335 
variability of the IWUE values (CV = 29.3%). 336 
Table 12 presents the Iapplied savings and the marketable yield losses obtained using the different 337 
IRs. Considering the RDI strategies, the lowest yield losses  and the greatest water savings were 338 
obtained when the water restriction was applied in the last stage of the crop cycle. The yield 339 
increased linearly with Iapplied, and the positive linear relationships are presented in Table 13. 340 
Obviously, these relations are different depending on the stage in which the water restriction 341 
occurred. All the relationships were statistically significant (P ≤ 0.01) and showed high 342 
correlation coefficients, greater than 0.87. The greatest slope of these relations corresponds to the 343 
water restriction in the crop development stage. Other adjustments (i.e. polynomial, exponential, 344 
logistic) did not result in significance (P ≤ 0.05). 345 
As for the yield response to water deficits, for the RDI strategies, there were four fitted linear 346 
regression equations: one for the sustained DI and one for each stage of irrigation restriction, 347 
considering the yields and ET corresponding to each strategy. All linear regression equations 348 
were fitted to the data with adequate correlation coefficients (r from 0.96 to 0.99) and statistical 349 
significance (P ≤ 0.05). The yield response factor (ky) was 1.6, 1.4, 1.2 and 0.84 for sustained DI, 350 
crop development, fruit growth and fruit maturation, respectively. 351 
None of the analysed fruit characteristics (size, shape and rind thickness) were affected (P ≤ 352 
0.05) by the IR (Table 14), probably due to the observed variability between the fruits under each 353 
RDI treatment. Overall, it could be stated that RDI strategies presented intermediate values to the 354 
extreme SDI strategies. The water restriction in this experiment did not affect (P ≤ 0.05) the dry 355 
matter content, the SSC of fruits, L* or the Hue angle (Table 15), but it did affect (P ≤ 0.01) the 356 
Chroma index. The highest values of Chroma corresponded to T6, and the lowest were obtained 357 
under T4  and T7. 358 
Dry shoot biomass (Table 16) was affected by the IR (P ≤ 0.01), in the sense that the greatest 359 
biomass was obtained under the full irrigation treatment, not showing statistical differences  (P ≤ 360 
0.05) with T6 nor T9, which, in turn, did not differ (P ≤ 0.05) from the other RDI strategies. The 361 
other parameters related to the vegetative part of the plant, such as SPAD, shoot dry matter, total 362 
above ground biomass and the HI, were not affected (P ≤ 0.05) by the IR. 363 
Figure 4 presents the evolution of the RWC and MSI indexes through the crop growth periods. 364 
Both indexes did not present significant differences (P ≤ 0.05) between IR when irrigation 365 
restrictions were applied during growth development (RWC = 77.8%, MSI = 81.1% for T1). There 366 
were differences (P ≤ 0.05; P ≤ 0.01) in fruit growth and fruit ripening  stages, with the highest 367 
values at the fruit ripening stage corresponding to the full irrigation treatment (RWC = 82.3%, MSI 368 
= 82.6%) and the lowest under T3 (RWC = 69.9%, MSI = 70.4%).  369 
 370 
4. Discussion 371 
The yields obtained in the present study under full irrigation treatment are considered similar to 372 
those obtained by López-Galarza et al. (2004) in greenhouse-grown triploid watermelon and 373 
those obtained by Özmen et al. (2015) in Turkey.   374 
The notable reductions in both total and marketable yield caused by water restriction are similar to 375 
those obtained in seedless watermelon by Bang et al. (2004), Leskovar et al. (2004), and González 376 
et al. (2009) and in diploid watermelon by Erdem et al. (2001), Rouphael et al. (2008) and Kuşçu et 377 
al. (2015). Rouphael et al. (2008) found that plants grown under full irrigation (100% of ETc) 378 
resulted in both higher fruit weight and number than those grown under 75% and 50% of ETc. In 379 
this study, 100% irrigation had higher fruit weight and fruit numbers compared with reduced 380 
irrigation treatments where yield reduction is attributed to the decline in both the number of fruits 381 
and fruit size. Moreover, the results agree with those obtained by Bang et al. (2004), in that the 382 
marketable yield of large fruits decreased and that of small fruits increased as Iapplied decreased. 383 
Water restriction during the fruit ripening stage had a lesser effect on the reduction of fruit yield 384 
with respect to full irrigation than compared with water restrictions applied during the crop 385 
development or the fruit growth stages. The effect of water restrictions at fruit ripening was 386 
minimal because most of the fruits had reached their final size. Geerts and Raes (2009) 387 
presented the main advantage of DI to get the best response is by applying the full water 388 
requirement only during the most drought-sensitive stages.    389 
In this research the fruit yield increased linearly with Iapplied. Tolk and Howell (2003) reported 390 
both linear and curvilinear relationships and stated that nonlinear relationships are explainable if 391 
the HI varies with water deficit. In the first experiment, the HI only decreased under T3, and in 392 
the second experiment, the HI did not differ between IRs. Therefore, yield- Iapplied relationships 393 
were lineal when they were analyzed for the water restrictions in both the total cultivation cycle 394 
or during separate stages. These positive linear relationships between yield and Iapplied agree with 395 
the results obtained by Erdem et al. (2001) studying watermelon in Turkey.  396 
IWUE is a key indicator that reveals the optimal water use for plant production. The IWUE 397 
obtained in this research for the full irrigation treatment agree with those reported by Kuşçu et al. 398 
(2015) and are slightly greater than those presented by Erdem et al. (2005), both obtained using the 399 
cv. Crimson sweet in Turkey. In the first experiment, with sustained water restriction, IWUE was 400 
affected (P ≤ 0.05) by IR, with the highest IWUE value corresponding to the full irrigation 401 
treatment and the lowest to the maximum restriction (T3). Differences were significant due to the 402 
important marketable yield losses seen under T3 compared to the water saving achieved, in relation 403 
to T1. On the other hand, with RDI, the high coefficient of variation led to a decrease in the level 404 
of statistical significance, with similar results shown by Erdem et al. (2005). The lack of statistical 405 
significant differences between IRs for some parameters may be consequence of their high values 406 
of CV, which might be reduced using larger plots as stated by McCann et al. (2007). Some 407 
researchers have stated that IWUE is not affected by IR, such as Erdem et al. (2005).. However, 408 
other studies have shown that IWUE varies with Iapplied, as in the sustained deficit irrigation 409 
experiment and in Kirnak et al. (2009), Kirnak and Dogan (2009) and Kuşçu et al. (2015), which 410 
state that IWUE depends on many other factors and particularly on climatic conditions.    411 
All linear regression equations fitted to the data of ET versus yield response confirm the linear 412 
relations obtained between yield and Iapplied and agree with Erdem and Yuskel (2003) for 413 
watermelon in Turkey. The yield response factor obtained for the total growing season coincides 414 
with that obtained by Erdem and Nedim Yuksel (2003; 1.27). 415 
Regarding fruit morphological parameters, it is remarkable that fruit dimensions increase with 416 
Iapplied when extreme rates are considered, as presented by Leskovar et al. (2004); however, there 417 
are no differences between RDI treatments, as reported by Özmen et al. (2015). These results were 418 
expected, as the analyzed fruits were randomly selected from marketable fruits harvested in their 419 
optimal ripening stage, therefore presenting similar characteristics.  420 
Fruit dry matter content was at a minimum (ie the fruits showed the maximum fruit water content) 421 
under the full irrigation treatment. This greater water content in the fruits would result in expected 422 
lower SSC; however, higher contents were obtained under the full irrigation treatment rather than 423 
under the most restrictive treatments. These unexpected results could be related to higher 424 
carbohydrate production due to the greater photosynthetic capacity, due to the greater shoot 425 
biomass produced under full irrigation. Although SSC depends on many factors, such as genetic 426 
variability, cultural practices, etc. (Leskovar et al., 2004), according to different standards for 427 
watermelon fruit quality (USDA, 2006; United Nations, 2012), values greater than 10 ºBrix are 428 
considered to be at a very good sweetness level; thus, the values recorded for all IR in this research 429 
are considered as very good quality. The most abundant sugars in the watermelon fruit flesh are 430 
initially fructose and glucose (reducing sugars) that decrease at ripening thereby, increasing the 431 
sucrose (non-reducing sugar) concentration (Leskovar et al., 2004; López-Galarza et al., 2004). 432 
Although total yield was reduced by 40% in comparison to the full IR, in similar proportion to 433 
the aboveground biomass, the greater proportion of non-marketable fruits led to a larger 434 
reduction in terms of marketable yield under T3 (70%). For this reason, the HI occurred the 435 
most restrictive strategy (T3) presented the lowest HI value. Overall, HI values obtained under 436 
T1 (on average 0.51) are somewhat low, and those obtained under T3 are very low, but it must 437 
be borne in mind that they have been obtained with respect to total biomass and not only 438 
vegetative biomass. These HI values are lower than those reported by Colla et al. (2006) for the 439 
cv. Tex in Italy and by González et al. (2009) for spring watermelon in Spain, but both 440 
determined the HI as the ratio of dry matter partitioned into all fruit (marketable and non-441 
marketable fruits) relative to the total plant biomass, and therefore it led to greater values of HI.  442 
Leaf chlorophyll content was high in relation to the values reported in the literature for 443 
watermelon (approximately 42% obtained by Nicolae et al., 2014). It was not affected by water 444 
restrictions in any of the experiments.  445 
Under sustained water restriction treatments, a reduction in RWC and MSI was observed, which 446 
may be attributed to the negative effect of water shortage on watermelon. Abd El-Mageed et al. 447 
(2016) noted a positive relationship between RWC and plant dry biomass in squash plants. This 448 
suggests that plants having a greater biomass can maintain a higher water content in leaves, 449 
leading to a greater tolerance to drought, as occurred in the present experiment. Our results are 450 
also in accordance with those obtained by Rouphael et al. (2008), who observed that the RWC 451 
of mini-watermelon cv. Ingrid decreased under deficit irrigation treatments of 50% and 75% of 452 
ETc in comparison to 100% of ETc . Similar results were obtained by Kirnak et al. (2009), 453 
Kirnak and Dogan (2009) and Mohammadzade and Soltani (2015).  454 
Regarding the RDI treatments, determinations were made at the end of each restriction stages. 455 
At the end of crop development, there were no differences between IR for neither RWC nor and 456 
MSI. Treatments that were subjected to a water shortage in the fruit growth stage showed the 457 
lowest RWC values. Regarding MSI, the lowest values were obtained under the treatments that 458 
subjected plants to water restrictions during the crop development or fruit growth. The negative 459 
evolution of the MSI corresponding to T3 suggests that with the maximum water restriction 460 
assayed, the leaves experienced light and permanent cellular membrane damage. These results 461 
agree with those reported by Ram et al. (2014) for watermelon seedlings, which indicated that 462 
water stress increases membrane permeability causing higher electrolyte leakage into the 463 
external medium, resulting in a decrease of MSI values. The RWC and MSI results agree with 464 
the greater (except for T1) fruit yield obtained in plants subjected to a water shortage in the fruit 465 
ripening stage. Therefore, it can be stated that if water restrictions are required, they should be 466 
applied in the fruit ripening stage. 467 
It is important to increase irrigation water productivity throughout the world, especially in dry 468 
regions. A pathway to enhance water use efficiency in irrigated agriculture is to increase the 469 
output per unit of water (Howell, 2006), being even more important to maximize crop water 470 
productivity rather than the harvest per unit area (Ruiz-Sánchez et al., 2010). Nevertheless, 471 
considering the IWUE values obtained in 2017 and the average watermelon fruit price (0.27 € 472 
kg−1; MAPAMA, 2017), in the present study conditions the application of DI in the fruit ripening 473 
stage would suppose a decrease in relation to full irrigation in both the gross revenue (19,710, 474 
12,987 and 11,934 € ha− 1 for T1, T6 and T9, respectively) and the economic value per unit of 475 
water consumed (6.14, 4.72 and 4.88 € m− 3 for T1, T6 and T9, respectively), which would be 476 
greater if the water restriction were carried out in the other stages, seriously questioning the 477 
economic viability of the crop. Under limiting conditions, it would probably be interesting to 478 
apply the full requirements in a limited area rather than extending the cultivated area (Erdem and 479 
Nedim Yuksel, 2003), and to convert to other crops with higher economic value or productivity 480 
per unit of water consumed or even to more drought-tolerant crops (Evans and Sadler, 2008). 481 
The herein presented results correspond to the seedless watermelon cv. Stellar F1, but it should 482 
be noted that the results for seeded cv. Premium, used as a pollinator, seem to show a similar 483 
trend. 484 
 485 
5. Conclusions 486 
The present study analyzed the effect of both sustained and regulated deficit irrigation on the 487 
growth and yield of watermelon cv. Stellar F1. If water is not a limiting factor, applying 100% of 488 
water requirements is advisable. Sustained deficit irrigation at 50% of the nominal crop water 489 
requirements led to application of lower water amounts, which resulted in a reduction in total and 490 
marketable yield and the average fruit weight, without increasing fruit quality. Irrigating at 75% 491 
of water requirements reduced to a lesser extend yield and IWUE than the 50% treatment 492 
(compared to full irrigation) and it could be recommended if water is scarce. For regulated deficit 493 
irrigation, intermediate results were obtained, highlighting the results obtained for applying water 494 
restrictions during the fruit ripening stage, both at 75% and 50% of the water requirements, which 495 
lead to acceptable marketable yields and could be recommended. When water is a limiting factor. 496 
two options could be recommended, either to apply these regulated deficit irrigation strategies, or 497 
to apply the full water requirements in a limited area.  498 
 499 
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